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Edited by Richard CogdellAbstract Binding of uniformly 13C labelled ATP to Na,K-
ATPase was studied by 13C cross-polarization magic-angle spin-
ning (CP-MAS) NMR. In the presence of 30 mM Na+ , and with
sample- and time-averaging, NMR spectra obtained at 4 C
exhibited several resonances for the bound nucleotide. Chemical
shifts suggested that site-speciﬁc changes in the micro-environ-
ment or conformation of the nucleotide occurred in the high aﬃn-
ity binding site. These experiments permit further studies of
nucleotide dynamics, structure and binding under physiologically
relevant conditions.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Na,K-ATPase (EC 3.6.1.37), present in the plasma mem-
brane of all animal cells, is responsible for the active transport
of Na+ and K+ at the expense of the energy released from
ATP-hydrolysis. The enzyme is a P-type ATPase, i.e. ATP
hydrolysis proceeds in two steps: ﬁrst the c-phosphate from
ATP is transferred to the carboxyl group of Asp369, then
the acyl-phosphate bond is hydrolyzed. These steps in ATP-
hydrolysis are thought to be performed by two diﬀerent
conformations of enzyme – E1 and E2 – and the phosphoryl-
ation/dephosphorylation steps are coupled to the vectorial
transport of Na+ and K+consecutively (for recent reviews see
[1]). When suﬃcient Na+ is present to induce the E1-conforma-
tion, Na,K-ATPase exhibits high aﬃnity towards the two ade-
nyl nucleotides ATP and ADP [2,3]. The aﬃnity is highest
(KDiss about 0.3 lM) in the presence of about 30 mM NaCl
[4]. The purpose of the present investigation is to developAbbreviations: CDTA, trans-1,2-cyclohexylenedinitrilo-tetraacetic aci-
d; CP-MAS, cross-polarization magic-angle spinning; SSNMR, solid-
state NMR
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doi:10.1016/j.febslet.2006.11.026methods for studying nucleotide binding structure and kinetics
in the aqueous state, as a complement to the structural infor-
mation that can be inferred from homology modelling of
crystallized Ca-ATPase structures with atomic resolution (the
structural resolution of Na,K-ATPase protein is presently at
the 9 A˚ level [5]).
Solid-state NMR (SSNMR) is a valuable technique for
obtaining details about the conformation, dynamics and the
microenvironment of isotopically-enriched ligands bound to
receptors embedded in their native membranes under physio-
logical conditions [6]. An advantage of SSNMR is that
site-speciﬁc information can be obtained from functional pro-
teins in situ in ﬂuid (i.e. non-frozen, non-crystalline) mem-
branes. Under these conditions, NMR signals exclusively
from bound ligands can be selected from the total ligand pool
using the SSNMR technique of cross-polarization magic-angle
spinning (CP-MAS). Here we exploit 13C CP-MAS NMR to
examine binding of nucleotide substrates to the E1-conforma-
tion of the Na,K-ATPase to provide information about the
bound nucleotide in the ﬁrst step in the reaction cycle. Such
measurements are a major challenge, as we have observed that
membranous preparations of Na,K-ATPase from pig kidney
as well as from shark salt glands contain an enzyme activity
which leads to hydrolysis of ATP, ADP and AMP in the
absence as well as in the presence of Mg2+ [7]. The activities
are low, and can therefore be ignored under usual ATP-hydro-
lysis conditions (minutes of incubation, protein concentrations
at much less than 1 mg/ml). Hydrolysis is expected to be a
much more signiﬁcant problem, however, when dealing with
the high protein concentrations (about 45 mg/ml, equivalent
to about 0.14 mM nucleotide sites) and long acquisition peri-
ods that are necessary to obtain NMR spectra with a suﬃcient
signal-to-noise ratio to detect the bound nucleotide. Hence it
was necessary to develop a strategy that enables peaks from
bound nucleotide to be detected under these transient condi-
tions. It is shown that measurements of 13C isotropic chemical
shift values provide preliminary information about the nucleo-
tide binding sites.2. Materials and methods
2.1. Materials
The Li-salt of [U-13C,15N]ATP is obtained from Silantes (Munich,
Germany) and Li-salts of unlabelled ATP and ADP are obtained from
Sigma–Aldrich (Denmark).blished by Elsevier B.V. All rights reserved.
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Membranous Na,K-ATPase from pig kidney microsomal
membranes was prepared using SDS and puriﬁed by diﬀerential centri-
fugation to a speciﬁc activity of about 30 lmol ATP hydrolysed/mg
protein per min at 37 C [8,9]. Enzymatic activities and protein con-
tents were determined as described previously [10]. Stock solutions
of the enzyme were stored at about 5 mg protein/ml in 20 mM histi-
dine, 1 mM EDTA and 250 mM sucrose (pH 7.0). The speciﬁc
Na,K-ATPase activity at 37 C is about 30 lmol ATP hydrolysed/mg
protein per min, and the high-aﬃnity nucleotide binding capacity is
about 2.9 nmol/mg protein with equilibrium dissociation constants
for ATP and ADP of 0.1 and 0.3 lM, respectively [11].
2.3. Nucleotide hydrolysis experiments at high protein concentrations
Na,K-ATPase membrane stock solution was diluted 10-fold into a
buﬀer containing 11.1 mM Tris, 11.1 mM trans-1,2-cyclohexylenedini-
trilo-tetraacetic acid (CDTA) and 22 mM NaCl. pH was adjusted to
7.0 at 20 C with NaOH, and the ﬁnal [Na+] was about 55 mM. In
Mg-experiments a buﬀer containing 33 mM histidine, 11.1 mM MgCl2
and 30 mM NaCl (pH adjusted to 7.0 at 20 C with HCl) was used.
After dilution the suspension was centrifuged for 2 h at 20000 rpm
at 4 C in a Beckman Ti70 rotor. The pellets were transferred to an
Eppendorf vial with about 250 mg material per vial, and the protein
concentration was usually about 50 mg/ml. The reaction with ATP
or ADP was initiated by addition of a 10-fold concentrated stock solu-
tion of Li-salt of the nucleotides, to give a ﬁnal reaction medium of
10 mM Tris, 10 mM CDTA and 20 mM NaCl, with about 45 mg pro-
tein/ml. The suspension containing the nucleotide was homogenized in
the Eppendorf vial with a Kontes homogenizer, and was kept at 20 C
for 10 min before cooling to 4 C. At the desired time intervals a 45 ll
aliquot was diluted with 1 ml buﬀer containing 10 mM Tris, 10 mM
CDTA and 20 mM NaCl (pH 7.0), homogenized and centrifuged for
30 min at 70000 rpm in a Beckman TL-100 centrifuge with a TLA
100.3 rotor. The phosphate content of the supernatant was determined
with a colorimetric method [12]. Spontaneous phosphate liberation
from the nucleotides in the absence of membranes was negligible under
these experimental conditions. The data shown in Fig. 1 are phosphate
levels after subtraction of a reagent blank.Fig. 1. Nucleotide hydrolysis by membranes enriched in Na,K-
ATPase. Na,K-ATPase (about 45 mg protein/ml) is incubated at
4 C in the presence of 10 mMCDTA (squares, circles and triangles) or
10 mM MgCl2 (diamonds). The concentration of inorganic phosphate
in the enzyme suspension is shown as a function of time spent with
0.3 mM (squares), 1 mM (circles, diamonds) or 3.3 mM (triangles)
nucleotide, with ﬁlled symbols for ATP and open symbols for ADP.
Error bars give the SD of 3 experiments. The straight lines for the
CDTA-data are linear ﬁts of the phosphate release between 10 min and
2–5 h. The calculated hydrolysis rates are 1.66 nmoles/mg protein per h
(at 0.33 mM ATP), 2.99 nmoles/mg protein per h (1 mM ATP) and
7.96 nmoles/mg protein per h for 3.3 mM ATP. For ADP the
hydrolysis rates are 1.80 nmoles/mg protein per h (at 0.33 mM ADP)
and 2.04 nmoles/mg protein per h (1 mM ADP).2.4. Solid-state NMR measurements
NMR experiments were performed using a Bruker Avance 400 spec-
trometer operating at a magnetic ﬁeld of 9.3 T. The experimental tem-
perature was maintained at 4 C. Membrane samples were packed by
centrifugation into a 4 mm external diameter zirconium MAS rotor
and spun at the magic angle at a rate of 4 kHz, regulated automatically
to within ±1 Hz. Proton decoupled 13C CP-MAS NMR experiments
were performed with a 1H 90 excitation pulse length of 4.0 ls, Hart-
mann–Hahn cross-polarization from 1H to 13C over a contact time of
2 ms at a 65 kHz 1H ﬁeld, continuous wave proton decoupling at a
ﬁeld of 85 kHz during signal acquisition and a 1-s recycle delay
between scans. Spectra were recorded sequentially in blocks of 3 K
scans, each spectrum taking approximately 52 min to acquire, and
added together afterwards.3. Results
3.1. Hydrolysis experiments
The initial rates of hydrolysis of ATP (and of ADP) under
similar conditions to those of the 13C NMR experiment (e.g.
at a temperature of 4 C) and at a similar protein concentra-
tion are measured to help optimise the NMR experiment and
favour detection of the bound ATP (or ADP). Fig. 1 shows
the liberation of phosphate from ADP or ATP when Na,
K-ATPase at a protein concentration of about 45 mg/ml is
incubated at 4 C in buﬀers containing 10 mM CDTA or
10 mM MgCl2. In order to mimic the protocol of the NMR
experiment, the incubation at 4C is preceded by a 10 min
incubation at room temperature to simulate the transfer of
the membranes to the NMR sample spinner. The hydrolysis
rates are much larger at 20 C that at 4 C, which explains
the rapid hydrolysis in the ﬁrst 10-min part of the time curves.
The nucleotides used for the present experiments contain less
than 2% free phosphate (relative to the nucleotide concentra-
tion) and this is negligible in the present experiments.
In the presence of Mg2+ the hydrolysis of ADP is almost
quantitative after 15 min, with 2 mM phosphate released from
1 mM ADP (open diamonds). For ATP (ﬁlled diamonds) it
takes a little longer (about 2 h) for a quantitative release of
all three phosphates from 1 mM ATP. In the presence of
CDTA the nucleotide hydrolysis rates are much slower than
with Mg2+. With 0.3 mM nucleotide the initial rate of phos-
phate release is 1.80 nmoles/mg protein/h for ADP and about
the same, 1.66 nmoles/mg protein/h for ATP. It is evident from
the time course that after three hours the vast majority of the
ATP has been hydrolysed. With 1 mM nucleotide the hydroly-
sis rates are increased to 2.99 nmoles/mg protein per h for ATP
and 2.04 nmoles/mg protein per h for ADP. Under these con-
ditions ATP (or ADP) is present at concentrations large en-
ough to saturate the high-aﬃnity sites (concentration about
0.14 mM) even after 5 h of incubation. After 16–20 h the phos-
phate release from ATP is about 2 mol/mol, suggesting that
most of the ATP and a large part of the ADP has been hydro-
lysed. With 3.3 mM ATP the rate of hydrolysis is 7.96 nmoles/
mg protein/h. After 24 h of incubation the phosphate content
is about 5 mM (data not shown), suggesting that there is suﬃ-
cient nucleotide remaining to saturate the high aﬃnity sites for
the 14 h of data collection shown in Fig. 3.3.2. CP-MAS NMR experiments
The time window available for observing bound nucleotide by
13C CP-MAS NMR is clearly dependent on the initial concen-
tration of ATP added to the membranes. In Fig. 2 NMR spectra
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Fig. 3. A series of 13C CPMAS spectra of kidney membranes enriched
in Na,K-ATPase (45 mg protein/ml) in 10 mM Tris, 10 mM CDTA
and 20 mM NaCl buﬀer (pH 7.0) recorded after the addition of
[U-13C,15N]ATP to a concentration of 4 mM. The spectra shown were
obtained by summing the spectra for three samples obtained under
identical conditions and at the same time points following addition of
ATP. For each sample, acquisition of the ﬁrst spectrum was begun
10 min after the addition of the nucleotide and was completed in
208 min (a). The next spectrum (b) and the ﬁnal spectrum (c) were
acquired for the same length of time without delay between the last
acquired spectrum and the next. Hence the spectrum in (b) represents
the time period from 218 min to 426 min after the addition of
nucleotide and the spectrum in (c) the period 426 min to 634. A
diﬀerence spectrum (e) was obtained by subtracting a background
spectrum of membranes with no added [U-13C,15N]ATP (d) from the
combined spectra a–c. Peaks from the nucleotide in the diﬀerence
spectrum can be assigned by comparison with a direct excitation 13C
NMR spectrum at 4 C of [U-13C,15N]ADP in 20 mM histidine,
10 mM CDTA, 200 mM NaCl (pH 7.0) buﬀer solution (f) and
[U-13C,15N]ATP in 10 mM Tris, 10 mM Na-CDTA and 20 mM NaCl
(pH 7.0) buﬀer solution (g).
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Fig. 2. A series of 13C CPMAS spectra of kidney membranes enriched
in Na,K-ATPase recorded after the addition of [U-13C,15N]ATP to a
concentration of 1 mM. The sample buﬀer was either 10 mM Tris (pH
7.0), 10 mMNa-CDTA and 20 mMNaCl (a and b) or 30 mM histidine
(pH 7.0), 10 mMMgCl2 and 27 mM NaCl (c and d). For each sample,
acquisition of the ﬁrst spectrum was begun 10 min after the addition of
the nucleotide. The spectra shown were obtained by summing the
spectra for ﬁve samples obtained under identical conditions and at the
same time points following addition of ATP. The spectra were collected
from 10 to 114 min following addition of the nucleotide (a and c), and
from 114 to 218 min after addition of the nucleotide (b and d).
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1 mM [U-13C,15N]ATP and 10 mM MgCl2 or 10 mM CDTA.
According to our activity measurements, saturating concentra-
tions of nucleotide should persist for up to about 5 h after the
addition of ATP, so spectra were collected at time points up
to 3.6 h after the addition of the substrate. The signal-to-noise
ratio from a single sample alone is poor and insuﬃcient to detect
peaks from bound nucleotide, so the spectra shown are the re-
sult of adding together the spectra of 5 samples obtained under
identical conditions and at the same time points following the
addition of 1 mM [U-13C,15N]ATP. With CDTA, the spectrum
after 1.8 h exhibits weak signature peaks from the boundnucleo-
tide in the ranges 140–155 ppm (C2 and C8 from the adenine
ring) and 80–90 ppm (C1 0 andC4 0 from the ribose ring) together
with peaks at 120–130 ppm and up-ﬁeld of 80 ppm from natu-
rally abundant 13C from the lipids and protein in the sample
(Fig. 2a and b). After 3.6 h, the peaks from the nucleotide disap-
pear, despite our prediction that the concentration remaining
should still be suﬃcient to saturate all the high-aﬃnity sites.
The loss of peak intensity is most likely to be the result of the
physical eﬀects of sample spinning, which sediments the mem-
branes from the bulk aqueous phase. The enzyme consequently
has access only to the limited nucleotide solution that co-sedi-
ments with the membranes so that the local nucleotide concen-
tration available to Na,K-ATPase is depletedmore rapidly than
in a homogeneous suspension. With MgCl2, the spectra at 1.8 h
and 3.6 h show no peaks from the nucleotide, consistent with the
rapid hydrolysis of ATP (and ADP) (Fig. 2c and d).
Further experiments were carried out with a higher initial
concentration of ATP in order to attempt to maintain saturat-
ing local nucleotide concentrations for longer time periods un-
der the sedimenting eﬀect of sample spinning. In Fig. 3 NMR
spectra are shown for Na,K-ATPase membranes initially con-taining 4 mM [U-13C,15N]ATP and 10 mM CDTA, collected
at time points up to 10.5 h after the addition of the substrate.
The peak intensities diminish only slightly over the time course
of the experiment (Fig. 3a–c), consistent with a signiﬁcant
amount of bound nucleotide remaining after 10.5 h. Subtrac-
tion of a background spectrum of membranes without
[U-13C,15N]ATP (Fig. 3d, refer to [13] for examples of similar
spectra) from the combined spectra a–c in Fig. 3 yields a diﬀer-
ence spectrum (Fig. 3e) showing more clearly the peaks from
the bound nucleotide, including those in the range 60–80 ppm
which are otherwise obscured by the natural abundance signal
(i.e. C5 0, C2 0 and C3 0). The chemical shifts measured from the
diﬀerence spectrum are compared with those measured from
13C spectra of ATP and ADP solutions (Fig. 3f–g) and are tab-
ulated with assignments in Table 1. The shift values for the ri-
bose group are likely to represent a mixture of ATP and ADP in
the sample as expected from the activity measurements. Inter-
estingly, the resonances for the ribose sites C5 0, C4 0 and C2 0,
and the adenine sites C2 and C8, exhibit marked upﬁeld shifts
relative to the corresponding peaks for ATP and ADP in solu-
tion. These diﬀerences cannot be attributed to the eﬀects of
hydrolysis alone and therefore carry site-speciﬁc information
about the mechanism of nucleotide binding.4. Discussion
This work presents the ﬁrst NMR analysis of nucleotide
binding to a membrane-embedded ATPase in situ in its native
Table 1
13C chemical shifts and assignments for aqueous solutions of
[U-13C,15N]ATP and [U-13C,15N]ADP and for nucleotide bound to
Na,K-ATPase
O
N
N
N
N
NH2
H
OH
HH
OH
H
OP
O
O
8
4 2
6
5
1'
2'3'
4'
5'
Position Chemical shift (ppm)
ATPa ADPb Na,K-ATPase-bound ATP or ADPc
5 0 65.5 65.7 64.4
2 0 70.9 70.7 69.9
3 0 74.7 74.9 74.6
4 0 84.3 84.2 83.4
1 0 86.9 86.9 86.7
5 118.0 118.0 Not measured
8 140.2 140.1 139.7
4 149.6 149.1 Not measured
2 153.2 152.8 152.7
6 156.1 155.7 Not measured
Assignments for ATP are taken from Ref. [17].
a12 mM ATP (Li-salt) in 9 mM Tris, 9 mM Na-CDTA and 18 mM
NaCl (pH 7.0). Measured from the spectrum in Fig. 3g.
b10 mM ADP (Li-salt) in 10 mM inorganic phosphate, 11 mM MgCl2,
200 mM NaCl, 2 mM KCl and 50 mM histidine (pH 7.0), see [7] for
details of preparation. Measured from the spectrum in Fig. 3f.
cMeasured from the diﬀerence spectrum in Fig. 3e.
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give detailed structural and kinetic information about the
mode of interaction between the substrate and the Na,K-ATP-
ase of the important ﬁrst steps of the hydrolytic cycle. We ﬁnd
here that 13C chemical shifts are perturbed selectively owing to
binding to the Na,K-ATPase, which suggests a strong eﬀect of
the local environment upon the electronic distribution around
the adenine and ribose rings.
The technical diﬃculties of obtaining spectra under near-
physiological conditions are examined, and the importance
of performing biochemical characterizations such as hydrolysis
measurements under the same conditions as those of the NMR
experiments is highlighted. Here, the chief concern is the pres-
ence of presumed hydrolase contaminants in the membrane
preparation, which hydrolyse the nucleotide substrates over
the time scale of a typical NMR experiment even in the ab-
sence of Mg2+. It is therefore essential to ﬁrst monitor the rate
of nucleotide hydrolysis at a membrane concentration similar
to that required for NMR in order to assess the rate of sub-
strate depletion during the NMR experiment. Such experi-
ments are necessary to determine the time window available
to NMR for collecting spectra under these transient conditions
while the nucleotide concentration remains in excess with re-
spect to the binding sites.
At an initial ATP concentration of 1 mM the time window
was expected to be 5 h, while at 4 mM initial ATP this win-
dow is extended to longer than 15 h (Fig. 1). In fact, the actual
time available for NMR data collection is rather less than pre-
dicted from the activity measurements, since at 1 mM ATPnucleotide signal disappears after 3 h of data collection. More-
over, activity measurements using 0.33 mM initial ATP predict
that substrate binding should be detected for up to 3 h, but in
practice no peaks were observed in the NMR spectra even
after 2 h (data not shown). This discrepancy probably origi-
nates from the magic-angle spinning used in the NMR exper-
iments; this phenomenon cannot be mimicked experimentally
in the hydrolysis measurements and hence the rate of nucleo-
tide hydrolysis close to the Na,K-ATPase protein is underesti-
mated. Electron microscopy of thin sections of the membranes
at concentrations similar to those of the NMR experiment also
reveal the dense packing of the membranes, which will limit the
nucleotide diﬀusion rate considerably, see Fig. 2A in Ref. [14].
This will also reduce saturation of the high-aﬃnity binding
site.
The short time window available for the NMR experiments
made it necessary here to use extensive sample averaging to ob-
tain suﬃcient signal-to-noise ratio, but such measures could be
avoided with access to higher magnetic ﬁelds or sample spin-
ners of larger volume. The initial substrate concentration
should be suﬃciently high to maximise the NMR data collec-
tion time, but low enough to avoid possible non-speciﬁc bind-
ing, which would contribute to the overall signal detected.
From Fig. 1 it can be estimated that with 1 mM ATP there
is a 4–5 fold excess of nucleotide during the 2 h of data collec-
tion (cf. Fig. 2), which possibly could give rise to non-speciﬁc
binding of nucleotide to the membranes.
The hydrolase-like activity of the contaminant of the mem-
brane preparation is not inhibitable by ouabain or adenylate
kinase inhibitor [7]. The activity is temperature dependent with
a 4-fold higher activity at 20 C than at 4 C. In separate
experiments it has been shown that the AMP-hydrolysis activ-
ity is largely independent of Mg2+, whereas the ADP-hydroly-
sis activity is stimulated 10-fold by Mg2+ [7]. We use 10 mM
CDTA in the present experiments in order to eﬀectively chelate
possible contaminations by divalent cations – at a concentra-
tion of 10 mM CDTA the hydrolysis rate of ADP is two-fold
smaller than at 1 mM CDTA, which gives a signiﬁcant increase
in the time-window of the NMR experiment, cf. Fig. 1.
From the hydrolysis measurements it is clear that the NMR
spectra reﬂect the transitory ratio of ATP and ADP over a per-
iod of hours, with the ATP signal dominating the spectrum
early in the experiment and ADP becoming progressively dom-
inant. In the spectra presented, 13C chemical shifts can be mea-
sured for most of the adenine and pentose sites of bound
nucleotide (Table 1). The sensitivity to nucleotide binding of
the resonances for the ribose sites C5 0, C4 0 and C2 0, and the
adenine sites C2 and C8, clearly carries information about
the structure, orientation and environment of the bound sub-
strate. The observed movement in the chemical shift for C2
might reﬂect changes in the electron density within the adenine
ring as a result of p–p or p–cation interactions with amino acid
side groups around the binding site. Changes in the shifts for
the ribose sites perhaps corresponds to conformational
changes or to partial deformation of the sugar ring as the
nucleotide enters the binding site. It is premature to interpret
these eﬀects in terms of a ﬁrm model for the bound nucleotide,
and the two high-resolution models of the nucleotide binding
domain of Na,K-ATPase [15,16] do not, unfortunately, allow
identiﬁcation of the sidechain of the protein involved in
high-aﬃnity binding. Further chemical shift measurements
together with interatomic distance information using dipolar
D.A. Middleton et al. / FEBS Letters 580 (2006) 6685–6689 6689recoupling NMR methods will help to build up a clearer pic-
ture of the structure and dynamics of the nucleotide/Na,K-
ATPase complex.
In conclusion, this work presents for the ﬁrst time a protocol
for observing nucleotide binding to Na,K-ATPase in the native
membrane environment by NMR spectroscopy, which over-
comes the diﬃculties of working with high protein concentra-
tions under near-physiological conditions. The NMR spectra
reveal interesting new information about the environment
and/or structure of the nucleotide in the high aﬃnity site. Fur-
ther, more detailed measurements of structure and dynamics
are underway to observe any similarities and diﬀerences in
binding for diﬀerent nucleotide binding conformations of the
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